Abstract. Cynomolgus monkeys are a useful model for human tuberculosis, but susceptibility to M. leprae is unknown. A cynomolgus model of leprosy could increase understanding of pathogenesis-importantly, neuritis and nerve-damaging reactions. We administered viable Mycobacterium leprae to 24 cynomolgus monkeys by three routes, with a median followup period of 6 years (range = 1-19 years) involving biopsies, nasal smears, antiphenolic glycolipid-1 (PGL-1) antibody serology, and lepromin skin testing. Most developed evanescent papules at intradermal M. leprae inoculation sites that, on biopsy, showed a robust cellular immune response akin to a lepromin skin test reaction; many produced PGL-1 antibodies. At necropsy, four monkeys, without cutaneous or gross neurological signs of leprosy but with elevated PGL-1 antibodies, including three with nasal smears (+) for acid fast bacilli (AFB), showed histological features, including AFB, suggestive of leprosy at several sites. Overall, however, cynomolgus monkeys seem minimally susceptible to leprosy after experimental M. leprae administration.
INTRODUCTION
Leprosy, caused by Mycobacterium leprae, is the second most common mycobacterial infection in man. 1 Improved understanding of leprosy pathogenesis and developing improved therapies have been slowed by the lack of an experimental animal model that replicates the spectrum of features in human disease. Most types of laboratory mice develop localized infection after footpad or intradermal inoculation with M. leprae, which is often used as an antileprosy drug screening model. 2 The nine-banded armadillo is susceptible to M. leprae and develops cutaneous and visceral lesions of lepromatous leprosy in naturally acquired leprosy or after experimental administration of M. leprae, but it is phylogenetically distant. 3 A reliable non-human primate model of human leprosy that developed the spectrum of features in human disease, especially neuritis and nerve-damaging reactions that lead to disability, would be useful to improve our understanding of leprosy pathogenesis. In the late 1980s, reports of naturally occurring leprosy in chimpanzees and sooty mangabey monkeys triggered efforts to develop non-human primate models of leprosy. 4 The sooty mangabey monkey, from West Africa, seemed most susceptible to leprosy, either naturally acquired or experimental infection, but was not readily available. 5, 6 Leprosy in mangabey monkeys resembles human lepromatous (multibacillary) leprosy, with skin lesions, nerve palsy, immunological abnormalities, reactions, and histological features. [7] [8] [9] [10] [11] The chimpanzee and rhesus monkey seem susceptible to leprosy, but the rhesus monkey tends to develop tuberculoid (paucibacillary) disease only. 5, 12 The cynomolgus monkey, a commonly available Asian macaque routinely used in pre-clinical drug and vaccine studies, is susceptible to M. tuberculosis and serves as a model of human disease. Cynomolgus monkeys also seem somewhat susceptible to M. ulcerans, the causative agent of Buruli ulcer. 13, 14 The susceptibility of cynomolgus monkeys to leprosy after experimental M. leprae inoculation is unknown. A report published in 1941 vaguely describes experimental M. leprae inoculation of one cynomolgus monkey, and there is one report of naturally acquired borderline lepromatous leprosy in a captive Philippine cynomolgus monkey. 15, 16 Here, as a first step to developing a practical non-human primate model of human leprosy, we experimentally administered M. leprae to groups of cynomolgus monkeys and monitored them for signs of leprosy.
METHODS
Protocol and animals. The animal use protocol for this work was approved by the Leonard Wood Memorial Institutional Animal Care and Use Committee. The study was conducted in compliance with the US Animal Welfare Act and Philippine Association for Laboratory Animal Science (PALAS) guidelines, and it adhered to principles stated in the National Research Council publication.
Twenty-four captive-bred, healthy male and female Philippine cynomolgus monkeys (Macaca fascicularis), ranging in age from 1 to 7 years old, weighing 1.6-5.5 kg, and having no clinical signs or laboratory values suggestive of M. leprae exposure, were used. The latter included nasal smears for acid fast bacilli (AFB) and anti-phenolic glycolipid-1 (PGL-1) immunoglobulin M (IgM) and IgG antibody levels. For all procedures, monkeys were anesthetized with ketamine hydrochloride (20 mg/kg). No paralytics were used.
Experimental groups and M. leprae inocula. Table 1 summarizes seven experimental groups of cynomolgus monkeys and the characteristics and sources of the M. leprae inocula administered. Some studies suggest that M. leprae of nonhuman primate origin may be more pathogenic. 5, 17 We sourced three mangabey monkeys (M 1-3) with leprosy for M. leprae inocula, and two of them were also simian immunodeficiency virus serology positive [SIV(+)]. We did not determine SIV serology status for any of the cynomlogus monkeys, including those monkeys inoculated with M. leprae obtained from SIV(+) mangabey monkeys with leprosy. For M. leprae inocula obtained from patients with untreated lepromatous leprosy, samples were injected into mouse footpads to assess M. leprae viability.
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M. leprae inocula for administration to cynomolgus monkeys were suspended in sterile phosphate-buffered saline, counted, assessed for morphological index (most), and then administered intranasally (IN) to both nostrils or as combined intravenous (IV) and intradermal (ID) inoculations, the latter to one or more adjacent sites on the ear rims, nose tip, upper lip, left lateral arm, and left lateral leg. IV inoculations were in the left saphenous vein near the calf. The concentration of M. leprae in inocula of human origin ranged from 3.6 + 10 6 to 6.5
8 AFB/mL, and the concentration of M. leprae in inocula of mangabey monkey origin ranged from 7.9 + 10 8 to 1.2 + 10 9 AFB/mL. ID and IV inoculation volumes ranged from 0.1 to 1 mL. All inoculations were done with a 1-mL syringe fitted with a 27-gauge needle.
Clinical observations. Inoculation sites were observed monthly for the first year and then every 3-6 months until study completion. Photographs were taken to document lesion status. For 5 years after experimental M. leprae administration, monkeys were observed weekly for changes in behavior, including appetite, and monitored for signs of pain, discomfort, neuritis, reversal reaction, and erythema nodosum leprosum (ENL).
Histopathology. Punch skin biopsies were obtained from M. leprae ID inoculation site lesions from five monkeys between 1 and 5 months after inoculation and three monkeys between 6 months and 6 years after ID inoculation (Table 2) . In 2004, all of the six monkeys remaining in the study had skin biopsies at or near the original M. leprae inoculation sites as well as from the eyelids and scrotum as a final assessment for leprosy; these monkeys were then euthanized at the end of the study. All tissue specimens were fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4 μM, and then stained with hematoxylin and eosin for routine histology and by Fite-Faraco method for AFB. Sections with features suggestive of leprosy were classified according to the RidleyJopling system to denote leprosy type according to immunity, which for histology, is based on skin lesion mononuclear cell and AFB loads, the latter ranging from 0 (none) to 6+: tuberculoid (TT; 0-1+), borderline tuberculoid (BT; 1-+), borderline (BB; 3-4+), borderline lepromatous (BL; 4-6+), and lepromatous (LL; 5-6+). 19 Nasal mucosa and slit skin smears assessed for AFB. Approximately every 3-6 months after M. leprae inoculation for up to 5 years and then less frequently until study completion, nasal mucosa swabs were obtained and stained for AFB by the Zeehl-Neelsen method, examined, and quantified for the amount of AFB on a 0-6+ scale as described elsewhere. 20 Slit skin smears from the lower earlobes, stained for AFB, were done periodically, especially if there were other findings suggestive of leprosy.
Anti-PGL-1 antibody serology. Serum for measuring anti-PGL-1 IgM and IgG antibody levels was obtained from monkeys on a schedule similar to the schedule of AFB nasal swabs. Anti-PGL-1 antibody was measured by ELISA on an absorbance scale. 21 Because of variability of IgM and IgG antibody values in healthy, M. leprae-unexposed cynomolgus monkeys, only values in the experimental monkeys more than two times the upper limit of normal (ULN) were considered positive (IgM 0.1; IgG 0.14). At time points when anti-PGL-1 IgM, IgG, or both values were above the 2 + ULN, IgM to IgG ratios calculated as ratios 1 may be a marker of leprosy resistance. 22 Necropsy. Most monkeys that died on study underwent necropsy, including gross and histological assessments for identifying a possible cause of death. In 2007, six monkeys remaining in the study had final examinations, including chest X-rays, and then, they were euthanized. These six monkeys, along with monkey 24 (group 7), had gross and histological eye examinations. 23 Lepromin skin tests. Lepromin skin tests (Mitsuda) were conducted on 10 monkeys. Up to four concentrations of + 10 8 AFB/mL. Lepromin was administered ID to four abdominal sites in 0.1-mL volumes. Each reaction site was measured 3 weeks later. Reaction (induration only) scores, based on the longest diameter of each reaction, were ± 0 (1-3 mm; equivocal), 1+ (4-5 mm), and 2+ ( 5 mm).
Testing was done before and after experimental M. leprae administration as follows: five monkeys were tested 1-4 years before M. leprae inoculation, and three of these monkeys were retested up to 6 years after M. leprae inoculation. Another group of five other monkeys was tested after M. leprae inoculation only 4-8 years later. Skin reactions from 7 of 10 tested monkeys were biopsied for histological assessment.
RESULTS
Clinical observations. Table 2 summarizes findings in 24 cynomolgus monkeys after experimental administration of M. leprae. Median follow-up time was 6 years/monkey and ranged from 1 to 19 years. Most monkeys (21/22) inoculated with M. leprae ID + IV developed evanescent thickening and papules at ID inoculation sites up to 2 cm in diameter within 1-3 months of inoculation ( Figure 1 ). All skin lesions resolved within 1 year. Skin or mucous membrane lesions distant to Figure 2C ). ¶ Nose tip and inoculation site papules. k No lesions.
M. leprae inoculation sites were not noted. There were no signs of discomfort, pain, neuritis, or reactions. Among four monkeys receiving IN M. leprae, none developed any clinical signs or laboratory values suggestive of M. leprae exposure. Histopathology. Table 2 summarizes skin lesion biopsy findings. Among six skin punch biopsies of M. leprae inoculation site lesions obtained within 6 months of M. leprae administration, five biopsies were characterized as lepromin-like, showing features analogous to a lepromin (Mitsuda) reaction, which included a robust cellular immune reaction and presence of AFB (Figure 2A and C) . Three M. leprae inoculation site biopsies, obtained 2-6 years after ID inoculation, were unremarkable.
For the last six monkeys remaining in the study 15 years after M. leprae administration, biopsies from all monkeys obtained from or near original inoculation sites as well as eyelids and scrotums showed no features of leprosy. Additional histopathology results are described below.
Nasal mucosa smears for AFB. Table 2 summarizes the nasal smears assessed for AFB in 20 monkeys; they were generally unremarkable, with most being 0 or sporadic 1+. Sporadic 1+ scores were considered indeterminate, because these smears contained only 1 or 2 AFB and never occurred in consecutive fashion; 1+ AFB nasal smears also occur occasionally in healthy cynomlogus monkeys. Four monkeys developed AFB+ nasal smears in study, and two monkeys had AFB+ nasal smears detected at necropsy (the latter is described below).
Anti-PGL-1 antibody serology. Anti-PGL-1 antibodies were elevated in 16 (66%) monkeys at one or more time points. Among a total of 640 observation points, IgM and IgG values were 2 + ULN in 21% of points. For IgM to IgG ratios, 237/368 (64%) were 1, suggestive of a leprosyresistant phenotype. 22 Group 5, inoculated IV + ID with the lowest concentration of M. leprae, had the weakest and most sporadic anti-PGL-1 antibody responses.
As depicted in Figures 3 and 4 , anti-PGL-1 antibody levels followed one of four general patterns, including (1) within normal limits throughout the study (N = 8; including all four monkeys inoculated IN); (2) sporadic increases of IgM and IgG within 3 months of M. leprae inoculation (N = 6); (3) sporadic increases of IgM, IgG, or both (N = 6); and (4) persistent increases in IgM, IgG, or both (N = 4; all with histological features suggestive of leprosy at necropsy as described below). Necropsy findings. Table 2 summarizes monkey deaths on study and necropsy findings. Eighteen monkeys died while in the study from various or undefined causes, but no deaths were attributed to leprosy. Some monkeys in groups 3 and 4 inoculated with M. leprae obtained from SIV+ mangabey monkeys died relatively sooner; some had conditions associated with immunosuppression. Monkey 11 (group 3), one of eight monkeys inoculated with M. leprae from an SIV+ source, died 2 years after M. leprae inoculation and had abundant nasal mucosa AFB on necropsy ( Figure 5 ). Assays to determine mycobacterial species were not done. Table 3 summarizes findings in four monkeys that died in the study and developed laboratory values consistent with leprosy; on necropsy, they showed histological features suggestive of leprosy, including AFB. No monkeys had detectable skin lesions or gross neurological deficits at death. Table 4 summarizes gross and histological findings of the eyes in seven monkeys; all findings were non-specific and had no evidence of M. leprae invasion.
Lepromin skin tests. Mitsuda lepromin skin test results among all five monkeys tested before M. leprae inoculation were reactive (1+ or 2+) ( Figure 6 ). All reaction sites were biopsied: four sites were consistent with lepromin reactivity. Monkey 24 (group 7) had a 1+ clinical reaction but lacked features of lepromin reactivity. Three of these five monkeys lepromin retested after M. leprae inoculation were reactive; one biopsy of one reaction was consistent with lepromin reactivity.
In a group of five other monkeys tested only after M. leprae inoculation, four monkeys were reactive (data not shown). One biopsy of one reaction was consistent with lepromin reactivity.
DISCUSSION
We administered M. leprae, obtained from human and mangabey monkey sources, to 24 cynomolgus monkeys by three routes using inocula sizes similar to earlier experimental leprosy studies in non-cynomolgus monkeys. 4, 12, 22, 24, 25 A median observation period of 6 years/monkey after M. leprae administration, notably longer than many earlier studies, along with periodic laboratory assays and histological assessments, including necropsy, likely contributed to the discovery of M. leprae of subclinical-like infection in four monkeys. Nonetheless, cynomolgus monkeys generally showed negligible susceptibility to experimental leprosy, including a lack of neuropathies or reactions, arguing against additional efforts to develop this model. M. leprae from mangabey monkeys may be more pathogenic than M. leprae from other sources. 9, 25 Here, two of three mangabey monkeys sourced for M. leprae were SIV(+), which being pathogenic for cynomolgus monkeys, could potentially increase leprosy susceptibility. [26] [27] [28] [29] However, there was no indication that mangabey monkey-sourced M. leprae, whether from SIV(+) or SIV(−) monkeys, was more pathogenic than M. leprae from human or armadillo sources. Indeed, only one of four cynomolgus monkeys with subclinical leprosy at necropsy had been inoculated with M. leprae from an SIV(+) mangabey monkey source. Of note, six of eight cynomolgus monkeys (groups 3 and 4) inoculated with M. leprae from SIV(+) mangabey monkeys died 1-4 years after M. leprae inoculation, some with signs of immune suppression.
IV + ID and IN administrations and the amounts of AFB used generally followed earlier reports in chimpanzees and rhesus and mangabey monkeys, some with encouraging outcomes. 4, 12, 22, 24, 25 Rhesus and mangabey monkeys show great variability in susceptibility to experimental leprosy, and some studies suggest that ID administration alone triggers sensitization, robust immunity, and resistance to leprosy. Our IV + ID inocula, ranging from 10 6 to 10 9 AFB/administration site, may have induced some degree of immunity. Conversely, group 5 received the smallest inocula and developed the weakest, most sporadic PGL-1 antibody responses, partly supporting the rationale for using large inocula. M. leprae administered IN to four monkeys mimicked a possible mode of human leprosy transmission through nasal droplet. 1 However, no monkeys developed any clinical sign or even a consistent laboratory result indicating exposure to M. leprae. In human untreated lepromatous leprosy, nasal mucosa harbors massive numbers of AFB, but AFB involved in transmission may be relatively small, with magnitudes less than we administered IN. 30 The rationale for a large number of AFB administered IN was to increase the odds of developing leprosy. Paradoxically, it may have induced a robust innate or mucosal IgA response or some degree of immune tolerance, 31 potentially resulting in weak anti-PGL-1 IgM and IgG antibody production.
For IV + ID M. leprae administration, skin papules developed at ID inoculation sites that, on biopsy within 6 months, showed features of lepromin-like (Mitsuda) skin test hypersensitivity reactions. Resolution of all papules within 12 months also supported lepromin-like reactions rather than However, antibody levels, with the exception of levels in four monkeys with subclinical infection at necropsy (discussed below), were generally sporadic, perhaps consistent with a lack of susceptibility to M. leprae. IgM to IgG ratios of 1 in 64% of all measurements supported a generally leprosyresistant phenotype. 9, 32, 33 Figure 2C ). ‡ Assays to assess for tuberculosis Ridley-Jopling classification, described in Methods. AFB = acid fast bacilli. § Monkey #24, only monkey among five lepromin skin-tested, pre-M. leprae administration, with skin reaction site biopsy graded as "non-reactive". Cynomolgus monkeys 2, 7, 11, and 24 (groups 1, 2, 3, and 7, respectively; all IV + ID) developed evanescent papules at ID M. leprae inoculation sites and died 2-8 years after M. leprae administration with no skin lesions or gross neurological deficits but persistently elevated anti-PGL-1 antibody; for three of the monkeys, AFB(+) nasal smears suggested a colonizedlike status with M. leprae. On necropsy, all four monkeys showed histological features suggestive of leprosy in various organs, including AFB in earlobes, a scrotal sac, and an ulnar nerve. In three of four monkeys, AFB(+) nasal smears ( 2+), noted 3-8 years after M. leprae administration, and necropsy results suggested dissemination to nasal mucosa, akin to what may occur in human leprosy. 1 The significance of a colonized, subclinical-like state in these monkeys was unclear.
Lepromin skin test reactivity in monkeys may be a marker for leprosy susceptibility. Lepromin reactivity in 8 of 10 tested cynomolgus monkeys, suggesting a leprosy-resistant phenotype, paralleled our findings. Among monkeys 2, 7, 11, and 24 (groups 1, 2, 3, and 7, respectively), all with subclinical-like infection after M. leprae administration, monkey 24 lacked histological features consistent with reactivity at lepromin test sites; this finding suggested that lepromin reactivity in cynomolgus monkeys may have some usefulness in predicting leprosy susceptibility. Monkeys 2, 7, and 11 were not lepromin tested, precluding additional comment.
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